This paper presents data from the first part of a major project designed to investigate the micromorphology of cultivated soils. In particular, the initial phase of the project is concerned with an investigation into methods for the identification and quantification of cultivation features in soil thin sections using image analysis techniques.
Introduction
T he contribution of soil micromorphology to archaeology is well established. Early research concentrated on palaeoenvironmental interpretations through the analysis of thin sections from buried soils; now micromorphology is being used to tackle a much wider range of questions on archaeological sites such as the nature and origin of different sediment types, anthropogenic features and postdepositional processes (Courty et al., 1989; Davidson et al., 1992) . One common problem posed to micromorphologists is whether a buried soil was once cultivated and if yes, can anything be said about the former cultivation technique? Of course field identification of features such as ard marks, spade marks, cultivation ridges and lynchets indicate former cultivation, but often such features are not present and reliance has to be placed on other evidence. It is becoming increasingly clear that soil micromorphology can be used to help establish a past record of cultivation where none is obvious in the field, and can often place such evidence into broader sequences, leading to identification of phases representing vegetation clearance, cultivation abandonment and consequent vegetation regeneration (Macphail et al., , 1990 Gebhardt, 1992) .
In modern and ancient soils, the range of soil microfabric changes that occur as a result of contrasting tillage methods have been widely documented (e.g. Macphail et al., 1987 Macphail et al., , 1990 Gebhardt, 1992) . These and other workers have found that cultivation practices induce a large range of structural changes at all levels of organization which can be specific to implements used, and the type of farming system. It has also been shown that initial soil type directly influences the fabric type, structure and textural features that result from cultivation (Macphail et al., 1990) . In general, the range of ancient agricultural soils that have been studied can be subdivided into (i) those that are prone to the formation of textural pedofeatures, and (ii) those with high biological activity and high organic content which may preclude the preservation of textural pedofeatures. Macphail et al. (1987) show that the morphology and distribution of porosity infills, coatings and intercalations can be used in order to infer Neolithic cultivation on terrace alluvium at Strathallan, Perthshire. Allen and Macphail (1987) and Romans and Robertson (1983) have also used the identification and interpretation of textural pedofeatures within ancient soils and sediments as their primary means of inferring past agricultural land-use (Macphail, 1992) . In more organic soils Gebhardt (1992) has applied micromorphological techniques to document the degree of physical reworking of soils that had undergone experimental cultivation using ancient soilworking techniques (hoe, ard, and spade). In this case Gebhardt (1990) concentrated on the identification of the degree of compaction, ped-form and shape, depth of organic matter burial, and depth of tool impact on all the cultivated soils. Macphail et al. (1990) have also shown that the micromorphological observation of preserved organic matter derived from domestic or animal waste can be used as an indicator of manuring of soils. Such manuring inputs can also be reflected in fragments of charcoal, humified peat, bones and bricks (Courty et al., 1989) . Evidence for the application of manures can also be provided based on the presence of excrement, coprolites, phytoliths, calcareous sand and marl (Macphail, 1992) .
However, there are a number of potential problems facing researchers in their attempt to identify ancient agricultural effects within a soil using micromorphological techniques. Firstly, an overall interpretation of the nature of tillage that has occurred at a site is commonly based on the collective interpretation of a host of pedological, sedimentary and anthropogenic features, and not on the identification of one diagnostic feature observed from soil micromorphology (Gebhardt, 1992) . For example, the identification of textural pedofeatures within a soil does not necessarily infer past cultivation, as they can result from trampling, tree-throw and freeze-thaw activity (Macphail, 1992) . Secondly, the extraction of soil micromorphological information from thin sections may be hampered by the inherent variability between soil thin sections taken from the same locality. Indeed, in some instances thin sections taken from the same sample tin can provide quite contrasting information (Thompson et al., 1992) . Similarly, the effects of tillage on soil organization and structure will also vary from soil series to soil series. Thirdly, the micromorphological interpretation of pedological features can also be hampered by the lack of reference material relating to the application of specific cultivation methods to defined soil types. Finally, Gebhardt (1992) and Macphail et al. (1990) also acknowledge the fact that it is very difficult to assess the effect that ageing or re-working can have on cultivated soils after they are abandoned.
Many of these problems could however, be minimized by the application of a more rapid and quantitative approach to the identification of agricultural features from thin sections in order to augment existing micromorphological descriptions. One method of obtaining such data is by the application of image analysis techniques to the study of soil thin sections. This approach has been applied to modern soil thin sections by workers (e.g. Bui, 1991; McBratney et al., 1992) in order to obtain quantitative micromorphological data. However, image analysis of soil thin sections has not been widely used in the study of ancient agricultural soils. The aims of this investigation are therefore two-fold. The first is to examine soil thin sections from known cultivation contexts to determine if diagnostic pedofeature or soil structural attributes are present. The second is to explore the extent to which the application of image analysis techniques can be of value in this context.
Study Area
This paper reports the results from the first part of a major project designed to investigate the micromorphology of cultivated soils. For this initial phase of the project, emphasis was placed on the study of thin sections of soils from a known cultivation context. The area that was sampled was on the small island of Papa Stour which is located to the immediate west of Mainland Shetland (Figure 1 ). To understand the present nature and distribution of soils on Papa Stour, reference has to be made to the land management systems of the 19th and early 20th centuries. Fortunately a great deal of historical work has been done for the island by Fenton (1978) who describes in detail the results of a survey in 1846 by Thomas Irvine, and Crawford (1984 , 1985 . The island consisted of one townland under one head dyke; during the summer this dyke was the division between the townland to the east and the common grazings or scattald to the west. After the crops were harvested in the autumn, the stock were free to roam over the townland (Fenton, 1978) . The common grazings were an important source for fuel and winter bedding material for cattle. Peat was cut from the scattald for centuries, but had become extremely scarce towards the end of the 19th century. Stripping of the shallow peaty layer in the west of Papa Stour also caused mineral material to be removed. The peat turf, after drying, was burnt in domestic hearths, the ash heaped in the middens and then spread on the surrounding fields. The peaty material with associated mineral matter was also used for winter bedding of cattle in order to soak up the animal wastes.
Again, such material was ultimately added to the surrounding fields along with applications of seaweed. It is difficult to determine the relative proportion of hill peat cut for fuel rather than for byre bedding material. The resultant ash would have been added to midden heaps and later to the fields. However, ash from peat and turf fires was also used to soak up liquid waste in byres (Fenton, 1978) . The net effect of spreading midden material was the gradual deepening of the top horizon to form plaggen soils similar to those present in the Netherlands (Heidinga, 1988; Shiel & Askew, 1988; Spek, 1992) . Such topsoils on Papa Stour are distinguished by their depth, often up to c. 80 cm thick, and their apparent homogeneity. Over the centuries of topsoil formation, considerable human effort was thus spent on the maintenance and indeed enhancement of soil quality. This was further emphasized by human teams using delling spades in fields as small as 15 m by 20 m. The overall effect of the paring and burning of peaty topsoil was the degradation of the soil resource in the scattald to the west of the head dyke and the corresponding improvement in soil within the townland.
For the initial investigation, soils associated with the abandoned farm at Olligarth were sampled (Figure 1 ). This ruined farm was occupied in living memory and was probably abandoned in the late 1940s. Until that time, cultivation was by use of a delling spade. This tool was used in teams of at least three people (Fenton, 1978) . The farm at Olligarth was selected because the land had not been ploughed since abandonment and it offered a range of sampling contexts which are shown in Figure 1 and are listed as follows. The heathland to the immediate west of the farm would have been used as a source of peat. It was not cultivated, but cattle are likely to have been grazed there. A planticrue is a distinctive feature of the Shetland landscape. It is a small stone-walled enclosure measuring c. 4 4 m. The sole aim was to provide plants, mainly cabbage or kale, with sufficient shelter to get established. Once established, the cabbage or kale was transplanted to the kale yard which is surrounded by a stone wall and some of the farm buildings including a byre. The kale yard would have been intensively manured and cultivated; it would also have served as a cattlefold once crops had been harvested. Beyond the farm, the small fields or rigs would also have been intensively cultivated by the delling spade and manured.
The farm at Olligarth thus offered a range of sampling contexts as a result of contrasting land management practices. The aim of this investigation was to determine the extent to which soil management had resulted in distinctive soil micromorphology as quantified using image analysis.
The Soil Survey of Scotland in carrying out the 1:250,000 survey mapped two Associations on Papa Stour. The western, north eastern and extreme eastern parts are mapped as peaty gleys, noncalcareous gleys, some peat, peaty podzols and rankers developed on drifts derived from Middle Old Red Sandstones with acid schists and granites (Walls Association) (Dry & Robertson, 1982) . The isthmus between Kirk Sand, Housa Voe and West Voe has calcareous regosols, brown calcareous soils and calcareous gleys formed on shelly sands (Fraserburgh Series). An investigation of two pollen sites on this isthmus has revealed a strong interplay between two major habitats, maritime heath and grassland (Whittington & Edwards, 1993) . The farm buildings of Olligarth lie on the mapped boundary between the Walls and Fraserburgh Series with the sites on the heathland and in the planticrue showing no evidence of blown sand in contrast to the sites in the kale yard and lower field.
Soil Profiles and Micromorphology
The profile morphology and sampling points for micromorphology are shown in Figure 2 . Field description can be substantially enhanced by the study of soil thin sections. For this project the thin sections (of a standard 9 5 cm) were produced in the Department of Environmental Science, University of Stirling following the standard procedures described by Murphy (1986) . Soil moisture was removed using the acetone replacement method and a UV fluorescent dye (Epodye) was added to Crystic resin for impregnation. The dye was added primarily to highlight void space for image analysis. Summary descriptions are given below following the international system (Bullock et al., 1985) .
Site 6: Planticrue
Slide PS6A (depth 5-15 cm) Spongy structure; channels and chambers; poorly sorted coarse fraction (c:f 5 m =5:5) of quartz (70%) rock fragments (5-10%: psammites, acid igneous, chert), chert (5%) and occasional plagioclase (<1%), microcline (<1%) and muscovite (<1%); undifferentiated b-fabric; porphyric related distribution; light brown (PPL) fine fraction; organic material includes abundant fragments of carbonized and humified peat (<5%) in ratio of 5:5; loose discontinuous infillings and dense incomplete areas of spherical excrement.
Slide PS6B (depth 16-26 cm)
Spongy structure; channels and chambers; poorly sorted coarse fraction (c:f 5 m =5·5:4·5) of quartz (60%) rock fragments (20-25%: psammites, acid igneous, chert), chert (10%) and occasional microcline (<1%), and muscovite (<1%); undifferentiated b-fabric; porphyric related distribution; two distinctive colours of groundmass (brown and light reddish brown) separated by sharp boundary; organic material includes abundant fragments of carbonized and humified peat (<5%) in ratio of 5:5; dense complete infillings of excrement (spheres, ellipsoids and bacillocylinders); organic amorphous cappings on a few rock fragments.
Interpretation. The topsoil in the planticrue is distinguished by its shallow nature compared to the kale yard and field sites. This implies that there was not significant addition of plaggen material to deepen the soil though manuring is expressed in the presence of humified and carbonized peat. The upper part of the topsoil is very well homogenized by cultivation; mixing is also evident in the lower part with the variation in groundmass colour resulting from the incorporation of B horizon material. The original soil in the planticrue was probably very similar to that at site 9, but the upper part of the profile has been mixed through cultivation.
Site 7: The Kale Yard
Slide PS7E (depth 11-21 cm) Spongy structure; channels and chambers; moderately sorted coarse fraction (c:f 5 m =5:5) made up of quartz (70%), rock fragments (5-10%: psammites, acid igneous, chert), chert (5%) and occasional plagioclase (<1%), microcline (<1%), and muscovite (<1%); undifferentiated b-fabric porphyric related distribution; brown fine fraction (PPL); organic fragments including abundant carbonized and humified peat (<5%) in ratio 7:3; loose partial and dense incomplete infilling with excrement (spheres and mammilated). 
Slide PS7D (depth 31-41 cm)
Spongy structure; channels and chambers; moderately sorted coarse fraction (c:f 5 m =5:5) made up of quartz (60-70%), chert (3-5%), rock fragments (2-3%: acid igneous, chert, psammites) and occasional muscovite (<1%), pyroxene (<1%) and plagioclase (<1%); undifferentiated b-fabric; porphyric related distribution; brown and light brown areas of groundmass (PPL); organic material including abundant carbonized and humified peat (<5%) in ratio 7·5:2·5; some loose discontinuous infillings of mammilated excrement (spheres and mammilated).
Slide PS7C (depth 50-60 cm)
Spongy structure; channels and chambers; moderately sorted coarse fraction (c:f 5 m =4:6) made up of quartz (60%), chert (5%), rock fragments (5%: acid igneous, chert, psammitic), and occasional muscovite (<1%), microcline (<1%) and plagioclase (<1%); undifferentiated b-fabric; porphyric related distribution; brown fine fraction (PPL); organic material includes abundant carbonized and humified peat in ratio of 6:4; loose discontinuous infillings with mammilated excrements.
Slide PS7B (depth 57-67 cm)
Spongy structure; few chambers and channels; moderately sorted coarse fraction (c:f 5 m =4:6) made up of quartz (60-70%), chert (10%), rock fragments (5%: acid igneous, chert, psammitic), and occasional muscovite (<1%) and plagioclase (<1%); undifferentiated b-fabric; porphyric related distribution; brown/orange fine fraction (PPL); organic material characterized by large amounts of carbonized and humified peat in ratio of 2:8, indicating a higher proportion of humified peat in this section compared with those above it; the large fragments of humified peat have regular straight edges; no excremental pedofeatures.
Slide PS7A (depth 68-78 cm)
Spongy structure; chambers, channels, poorly sorted coarse fraction (c:f 5 m =5:5) made up of quartz (60-70%), chert (10%), rock fragments (10%: acid igneous, chert, psammitic), and occasional muscovite (<1%) and plagioclase (<1%); undifferentiated b-fabric; porphyric related distribution; light brown fine fraction (PPL); organic material includes abundant carbonized and humified peat (<5%) in ratio of 5:5; no excremental pedofeatures.
Interpretation. The basal drift, dominated by angular sandstones though with the occasional rounded one, is overlain by what appeared in the field to be dark reddish brown (5YR 3/2) humose sand. This sand has a mineralogy and size distribution which indicates a drift origin (slide PS7A), but also includes clear indicators of anthropogenic input (carbonized and humified peat). Thus this layer marks the initiation of plaggen soil formation which was followed by the deposition of 10 cm of material rich in humified peat (PS7B) which appeared in the field as black peat (5YR 2·5/1). The interpretation is that this layer resulted from the purposive deposition of cut peaty turf. The upper 57 cm of dark reddish brown (5YR 2·5/2) topsoil results from substantial input of midden material and reworking by cultivation and soil organisms.
Site 8: Field
Slide PS8C (depth 11-21 cm) Spongy structure; channels and chambers; moderately sorted coarse mineral fraction (c:f 5 m =5:5) made up of quartz (50%), chert (25%: chalcedony), rock fragments (20%: psammitic, chert and acid igneous), and occasional plagioclase (<1%); undifferentiated b-fabric; related distribution ranges from enaulic in the upper part to porphyric in the lower; brown fine fraction (PPL); organic material includes abundant root debris and fragments of carbonized peat and peat; ratio of carbonized to humified peat is 9:1; loose discontinuous spherical and ellipsoidal excrement pedofeatures.
Slide PS8B (depth 27-37 cm)
Intergrain to single grain microaggregate structure; occasional channel; coarse mineral fraction (c:f 5 m =9:1) made up of very well sorted and sandsized angular quartz (60%), chert (35%: predominantly chalcedony), and occasional rock fragments (2-3%: acid igneous), microcline (<1%), and muscovite (<1%); chitonic related distribution with fine orange (PPL) fraction composed of loose discontinuous clusters of spherical, ellisoidal and mammilated clusters in the interstitial spaces; organic material consists of root sections and stems, with occasional fragments of humified peat.
Slid PS8A (depth 23-33 cm)
In the field, this sample was judged to span the upper part of the sandy layer and the lower part of the deepened topsoil. This was confirmed by microscopic analysis of slide 8A.
Interpretation. Site 8 is in the middle of a field measuring 36 12 m on a gentle slope (3 ) to the immediate east of the farm buildings. A dark brown (7·5YR 3/2) cultivated horizon of 25 cm overlies 10 cm of very dark grey (5YR 3/1) sands which have areas of organic staining. This sandy layer is interpreted as a windblown deposit which buried a peaty gleyed podzol reflected in the presence of a former very dark grey (10YR 3/1) E horizon (35-52 cm) and a lower dark yellowish brown (10YR 3/1) B(b) horizon (52-63+cm). The sandy layer has been substantially reworked as evidenced by the high incidence of excrement.
Site 9: Heathland
Slide PS9A (depth 16-26 cm) Intergrain microaggregate structure; chitonic related distribution of poorly sorted coarse fraction (c:f 5 m =7:3) made up of very poorly sorted quartz (40-50%) and rock fragments (30%: psammites, acid igneous and chert), with occasional chert (5%: predominantly chalcedony), microcline (<1%), and muscovite (<1%); fine material dominantly of excrement (light and dark brown (PPL) of spheres and ellipsoids, largely fused into discontinuous clusters); few fragments of humified peat.
Interpretation. The heathland soil at site 9 has a horizon sequence typical of a shallow peaty podzol; it is likely that the H horizon was once thicker but has been denuded for fuel or bedding. The profile shows no evidence for having ever been cultivated though there has been substantial reworking by soil fauna; humified peat has also been incorporated into the AH horizon.
Loss on Ignition (LOI) and Total Phosphate Content of Olligarth Samples
Site 8 has the lowest LOI content of all the sites, ranging from 10·6% (PS8C) at a depths of 11-21 cm to 3·9% (PS8A) at depths 27-37 cm (Figure 3(a) ). Site 6 has a marginally higher LOI value, ranging from 17·9% (PS6A) at a depths 5-15 cm to 16·3% (PS6B) at a depth of 16-26 cm. Site 7 has a similar LOI content to Site 6, 17·8% (PS7E) and 16·6% (PS7D) at depths of 11-21 cm and 31-41 cm respectively. However, at depths of 50-60 and 57-67 cm, the LOI increases sharply to 22·5% (PS7C) and 38·6% (PS8B). At the base of the Ap horizon, the LOI content returns to 16·9% (PS7A). Phosphate analyses (Figure 3(b) ) for the same samples show that Site 7 has higher concentrations relative to Sites 6 and 8. Samples PS7E, PS7D, PS7C, and PS7A have values ranging from 216·03 to 279·40 mg/100 g. However, PS7B exhibits a lower total phosphate level (104·33), similar to that found in Sites 6 and 8.
The soils from Site 7 have consistently higher phosphate and LOI levels than soils from the other sample sites at Olligarth. This is consistent with the overdeepening of the soil in the kale yard by the application of midden material. Variations in the concentration of total phosphate and LOI with depth in the soils are most likely to be a result of either the initial application of midden material, or the re-working of the soils. However, in the kale yard, the reduction in phosphate levels and increase in organic matter concentration in sample PS7B at the base of the Ap may be a result of the increased application of relatively phosphate-poor charcoal and humified peat.
Image Analysis Methods
Recently, image analysis has become more widely used in soil micromorphology in order to aid the quantification and identification of a wide range of soil attributes (Bui, 1991; McBratney et al., 1992; Moran et al., 1989) . In the cases in which they have been applied, researchers have found that image analysis methods have a distinct advantage over traditional microscopic methods in that they can provide a range of previously unobtainable quantitative data over a comparatively short period of time (Ringrose-Voase & Bullock, 1984; Ringrose-Voase & Nys, 1990) . In particular, researchers have concentrated on the identification and quantification of many aspects of soil pore structure (e.g. Ringrose-Voase & Bullock, 1984; Moran et al., 1989) . However, other researchers (e.g. Terrible & Fitzpatrick, 1992; Protz et al., 1992) have also identified the importance of using image analysis in the recognition and quantification of a range of other soil features (e.g. ped form and shape).
Overall, no standardized method exist for the micromorphological examination of soils using image analysis systems. This is largely due to the range of commercially available image processing systems that can be used and the variety of applications to which they are put. However, some generalizations can be made. Firstly, three different sample types have been used in the image analysis of soil structure. These include: (i) thin sections (e.g. Mermut et al., 1992) , (ii) polished soil blocks or monoliths (e.g. Sweeney et al., 1992) , and (iii) polished thin sections (e.g. Tovey et al., 1992a) . Also different methods of sample preparation exist. These include a range of different resin impregnation methods (field and laboratory) and dyes used (clear, coloured or UV fluorescent). Similarly, many different methods have been used in order to capture digital images of soils. They include (i) the use of electron microscope backscatter images of polished soil thin sections (e.g. Tovey et al., 1992b) , (ii) the monochrome video-digitization of a range of soil photographs, polished, resin impregnated soil blocks, and thin sections (e.g., Mermut et al., 1992; Torrento & Solé-Bennet, 1992 ) (iii) the collection of multispectral imagery of soil thin sections using a monochrome camera in conjunction with a range of optical filters and lighting conditions (e.g. Protz et al., 1992) , and (iv) the capture of true colour imagery of soil thin sections using a colour video camera. Of these methods, monochrome video imaging and the digitization of photographs of soils are largely limited to the measurement of soil pore structure. However, the application of colour image analysis of video-captured microscope imagery has become increasingly common as a means of measuring a wider range of soil features . In all forms of image analysis, however, the final measurement of soil features is standardized; being based on the mathematical morphology/stereological principles outlined by Serra (1982) .
Image collection
The image analysis system used in this study comprised a 3 CCD colour video camera (Hitachi HVC-10) equipped with both a macro-zoom lens (Hitachi HZ-H713) and a microscope adapter for an Olympus polarizing microscope. The camera was connected directly to a frame grabber (Data Translation DT2871) that was housed within a Dell 80486/33DX personal computer that had 12MB of RAM. The video signal was output to a high resolution monitor. The image analysis software used in this study was PC-Image Colour release 1.42 (PCI), which operates within a graphical user interface.
Image pre-processing
Pre-processing of imagery is defined as the registration and restoration of an image in order to remove any artefacts of the image collection process. As all of the images used in this study were collected using a colour video camera, no image-to-image registration was needed in order to produce a digital colour composite image on-screen. However, it was necessary to undertake shade correction and frame calibration in order to correct for factors such as uneven illumination of a sample and the non-square aspect ratio of the video camera (Sampat, 1991; Thompson et al., 1992) . The pixel size, and therefore the maximum object resolution, was set at 0·0066 mm 2 (0·06 0·11 mm) for all the images used in this study, with a frame size of approximately 90 mm 50 mm.
Image segmentation
Image segmentation is an important stage of data reduction and involves converting a colour image into single bit information (termed a binary image). A detailed review of the methods of segmentation of video images of soil thin sections is given by Moran et al. (1989) . In this study, four different soil components were segmented for each thin section image (Figure 4(a) ). These represented the occurrence of : (i) void space (Figure 4(c) ), (ii) opaque material ( Figure  4(f) ), (iii) coarse fraction (Figure 4(e) ) and (iv) fine fraction (Figure 4(d) ). In plane polarized light, void space was easily differentiated from other soil components by the use of a fluorescent dye (EPODYE). Similarly, opaque organic material was differentiated by its characteristically low red green and blue grey levels. The coarse fraction, being in this case predominantly quartz and feldspar, was found to be colourless in thin section in plain polarized light. In contrast, the fine fraction material was differentiated from the other components by its characteristic hue. Using PCI, the grey level histograms for the red, green and blue guns can be displayed simultaneously within a dialogue box. The segmentation of each image was then undertake by simultaneously thresholding the specific red, green and blue grey levels for each defined soil component within a region of interest (Figure 4 (b) & 4(f)).
Image measurements
In order to determine the range of possible agricultural indicators present in each thin section, the stereological attributes of objects within each binary image were determined (Serra, 1982) . In this study an image object is defined as an isolated pixel or series of interconnected pixels. For each binary image, primary measurements included: (i) object area (OA), (ii) detected object area (OD), (iii) object perimeter (OP), (iv) object length (OL), (v) object breadth, (vi) centre of object area (OX, OY) and (vii) object orientation. All primary measurements were recorded in either mm or mm 2 . From the micromorphological descriptions of the thin sections from Olligarth it was found that past cultivation in these soils was generally indicated by; (i) characteristic variations in soil texture, structure and organization (e.g. homogenization of the Ap) and (ii) inputs of organic material (i.e. humified peat and charcoal).
From the primary image measurements, seven secondary measurement indices were devised in order to determine the extent to which quantitative and semiquantitative description of these attributes within each thin section could be undertaken. The indices used were:
, and (vii) fine fraction (f) (mm 2 ). There were three main aims in the selection of these indices. Firstly, the segmentation and measurement of coarse and fine fractions was undertaken in order to give a comparison of the related distribution of coarse/ fine fabrics for each thin section, derived from both micromorphology (c:f 5 m ) and image analysis (c:f i ). Secondly, the segmentation and analysis of void space were undertaken in order to quantify the soil structural attributes of each thin section, and thus provide data that is unavailable to the micromorphologist. Finally the segmentation and measurement of opaque material were undertaken in order to quantify the occurrence and size of large charcoal and humified peat fragments within each thin section.
Results and Discussion
Coarse to fine ratio (c:f i )
The measurement of the coarse (c), and fine fraction (f i ) was undertaken to give a direct comparison of micromorphological and image analysis approaches, and observe the applicability of the measure to the study of agricultural effects in the Olligarth soils. The ratio of these two measures (c:f i ) was therefore used in order to give a general descriptive measure of soil fabric within each thin section. Due to the frame size of the images used in this study, the minimum resolution, and thus the cut off point for determining the minimum size of the fine fraction was approximately 60 110 m. This contrasts with the 5 m limit applied to the micromorphological descriptions. From the results obtained (Table 1) , it was found that the related distribution of the coarse and fine fractions from both image analysis (c:f i ) and micromorphological techniques (c:f 5 m ) are well correlated at each of the Olligarth sites (e.g. Site 6: 0·99, Site 7: 0·9, and Site 8: 0·95). However, in contrast with the c:f 5 m calculated from micromorphology, the image analysis results show that the coarse fraction is underestimated relative to the fine fraction in all sections, with a higher degree underestimated in thin sections with little fine material (e.g. PS8B). It is likely that this is a direct result of the mis-identification of fine mineral matter (5-100 m) within each thin section, a consequence of the frame size used in this study. However, as the results show (Table 1) , mis-identification is consistent at each sample site, suggesting that data derived from image analysis can in this case be used as a semi-quantitative measure of the related distribution of these size classes.
In general, the results (Table 1) were found to display a related distribution (c:f i ) of between 0·25 and 0·35. In contrast, thin sections below these agricultural horizons, with a higher proportion of either wind blown sand (PS8B) or the coarse basal drift (PS9A, PS6B, and PS7A) have a related distribution c:f i of between 0·65 and 1·05. These differences in the related distribution of coarse and fine fractions, as observed by both can be directly attributed to the increased proportion of fine organic material within the Ap horizon at each site, and their fine homogeneous structure.
Area (V A ), mean size (V M ) and the number of large voids (V L )
The total void area (V A ) was analysed for each section ( Figure 5(a) ). At Site 9, V A was found to be 13·84% (PS9A). At Site 6, the V A can be seen to increase from 8·66% between 5-16 cm (PS6A) to 12·76% at 16-26 cm (PS6B). At Site 8 V A increases from 10·66% at depths 11-21 cm (PS8C) to 13·16% at depths 23-33 cm (PS8A) and 20·93% at depths 27-37 cm (PS8B). At Site 7, the V A for each section is generally lower than for the other sites, being less than 10% in each section. With depth, V A can be seen to be lower at the top of the section (11-21 cm=5·03%; PS7E) and at the base of the Ap (57-67 cm=3·19%; PS7B), relative to intermediate depths (PS7C and PS7D) .
For Sites 9, 6 and 8, V A values within the range 8·66 to 20·93% correspond to V M values of between 0·06 and 0·1 mm 2 ( Figure 5(b) ). For all of the thin sections analysed from these items, V M can be seen to increase with increasing porosity and depth. By contrast, at Site 7, where V A is consistently lower at all depths than for Sites 9, 6 and 8, there is a different relationship. At this site, the V M at depths 11-21 cm and 31-41 cm (PS7E and PS7D: 0·08 and 0·09 mm 2 ) is markedly higher than at depths greater than 50-60 cm (0·05 mm 2 ). This suggests that, even though the V A of the samples at the top of the Ap is relatively low, there are a significant proportion of large open voids within the soil structure. This trend is also seen in the V L results for the same samples ( Figure 5(c) ). At Site 7, the V L for PS7E and PS7D is significantly higher (462 and 526) than for the other deeper sections (PS7C=330, PS7B=134 and PS7A=256). The V L for Sites 9, 6 and 8 can be seen to be generally higher than for Site 7.
The soil from the kale yard (Site 7) has lower overall V A , V M and V L values than the other three sites. This is consistent with the enhanced reduction of ped size and void area by cultivation at this site. Furthermore, at Site 7, V A can be seen to be further reduced both at the top and base of the Ap horizon (PS7E and PS7B). It had been thought that such compaction in the kale yard would have resulted from the corralling of cattle, but the tradition was not to keep livestock in that area (Peterson, pers. comm.) . However, the kale yard was intensively cropped and this may have resulted in much of the compaction. At the base of the Ap horizon, the reduction in V A is likely to represent the presence of a plough pan, caused by the use of a delling spade. At Site 8 (small fields) V A can be seen to increase with depth in the section. This is consistent with the gradation from an open porphyric macro-structure within the Ap (PS8C) horizon to a sandy layer with open chitonic/porphyric macro-structure. Relative to Site 7, this soil has a more shallow Ap horizon, an open macro-structure and no indication of a ploughpan. From the differences in V A , V L and V M , therefore it can be inferred that this site was less intensively cultivated than site three.
Area (O A ) and mean size of opaque material (O M )
The area and mean size of opaque material within each thin section can be related both to the organic matter and phosphate content of the soils and the observed accumulation of midden material (humified peat and charcoal) observed by traditional micromorphological techniques. At Sites 9, 8 and 6, the O A for all samples, as measured by image analysis, is <2% (Figure 6(a) ). Also, at these three sites, the mean size of opaque material (O M ) is generally <0·1 mm 2 (Figure 6(b) ). At Site 7, samples at the top and base of the section (PS7E, PS7D and PS7A) also have O A values of <2%. However, towards the base of the Ap horizon at Site 7, O A increases to 3·02% (PS7C) and 7·16% (PS7B) and O M increases to 0·12 and 0·19 mm 2 respectively. Overall, the amount of opaque material detected by image analysis is far lower than the organic matter content determined for each sample. However, at Site 7, the distributions of O A and organic matter content throughout the soil pit are well correlated (r 2 =0·962 at the 0·001 confidence level). For each measure, there is a maximum level at the base of the Ap horizon (PS7B). Furthermore, the increase in O M at this point is also consistent with observations of the nature of organic material derived from the micromorphological description of this thin section. These results therefore suggest that the opaque material detected and measured by image analysis at this site was organic-rich and that the amount and distribution of large, macro-scale particles was consistent with the organic content of the soil matrix. At this site, therefore, O A and O M give a very good indication of the relative amount, size and downprofile distribution of organic material within the soil horizons. The relationship between the amount of opaque material and the organic content of the samples at the other sample sites was however, less well correlated. This suggests that much of the organic material within these samples was of a relatively different nature, and therefore, not as easily detectable at a macro-scale as that at Site 7. Also at these sites it is also possible that the distribution of opaque material at the PS9A  16·00  3·84  0·08  806  0·03  0·09  --1·05  PS6A  5·00  8·66  0·07  428  1·59  0·06  17·90  136·46  0·35  PS6B  16·00  12·76  0·09  613  0·55  0·07  16·30  106·73  0·42  PS7E  11·00  5·03  0·08  462  1·41  0·13  17·80  279·40  0·34  PS7D  31·00  8·89  0·09  526  2·10  0·07  16·60  276·49  0·37  PS7C  50·00  5·56  0·05  330  3·02  0·12  22·50  225·97  0·26  PS7B  57·00  3·19  0·05  134  7·16  0·19  38·60  104·33  0·30  PS7A  68·00  4·95  0·05  256  1·59  0·10  16·90  216·03  0·45  PS8C  11·00  10·66  0·06  776  1·64  0·10  10·60  212·96  0·30  PS8A  23·00  13·16  0·07  1632  0·03  0·06  --0·45  PS8B  27·00  20·93  0·10  151  0·37  0·04  3·90  58·53  0·65 macro-scale was not representative of the total organic matter content of the soil matrix. This may be an indication of the degree of reworking of the soil fabric and organic material within these sites.
Conclusions
The results from the image analysis of known context cultivated sites can be summarized as follows.
(i) The related distribution of coarse and fine fractions c:f i can be estimated from image analysis of thin sections and directly related to c:f 5 m estimates from micromorphology of the same sections. The measure c:f i can be used in the context of organic-rich cultivated soils from Olligarth in order to give a broad, semiquantitative measure of soil structure and organization. For cultivated organic soils c:f i values were found to be between 0·26 and 0·45 representing the relative homogeneity of these horizons and the greater proportion of fine organic material. In uncultivated layers, and heathland soils, the c:f i was found to be much higher (0·6-1·05) as a result of the increased proportion of coarse wind-blown sands and alluvial gravels.
(ii) V A , V M and V L can be used as convenient measures of soil structure. With increasing cultivation within organic-rich soils, these measures will gradually decrease. In cultivated plaggen soils from Olligarth, V A ranged from 3·19 to 8·89% showing the development of a plough pan at the base of the Ap horizon and compaction from corralled animals at the surface. For the same soil V M ranged from 0·5 to 0·8 mm 2 , and V L ranged from 134 to 526. In uncultivated, heathland soils V A (13·84%), V M (0·08 mm 2 ) and V L (N=806) were all found to be higher.
(iii) O M and O A can be used as useful measures for estimating the opaque (charcoal and humified peat) material input into organic-rich cultivated soils. In this study, these measures were well correlated with the loss on ignition and phosphate content of the soil. It can be concluded that image analysis can contribute to the micromorphological description and interpretation of cultivated soils. However, image analysis should not be seen as providing a replacement for the standard description of thin sections. Instead, the use of image analysis in the study of ancient cultivated soils should not be undertaken in isolation. Other forms of analyses (phosphate, pollen, organic matter, ''traditional'' micromorphology) should be undertaken at the same time as image analysis in order to investigate the formation of cultivated soils.
